The electromagnetic vibrations are applied to grain refinement of pure aluminum (99.7 mass%) and the effects of electromagnetic vibration frequency and temperature gradient on grain refinement are investigated. As the pure aluminum melt has been subjected to electromagnetic vibrations with a frequency range from 150 to 500 Hz, crystal grain has become small with increase of vibration frequency. To the contrary, the effect of refinement has become weak at the vibration frequency more than 1 kHz and this microstructure is similar to one of nonvibrated state. When the longitudinal temperature gradient in the specimen becomes gradual, refined area is remarkably extends. It is assumed that refinement by the electromagnetic vibrations is significantly affected by the temperature gradient.
Introduction
Casting process has some advantages, such as low cost, shape casting ability, high productivity and short lead-time and so on. So it is important manufacturing method as an industrial fundament. It is recognized that further quality improvement of these castings, such as mechanical properties, is significant challenge. Generally, it is well known empirically that reduction of grain size leads to the increment of yield strength. 1, 2) Hence, refinement of crystal grains is important guideline for improving some properties.
In the casting process accompanied solidification phenomenon, rapid cooling, [3] [4] [5] [6] addition of refiners, [7] [8] [9] [10] [11] [12] application of vibrations, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] etc. are considered as a structural refinement method. The rapid cooling method is able to obtain very fine microstructures on the micro-and nanoscales. But this method has the serious problem that the size or shape of the sample is very restricted due to the necessity of achieving an enormously high cooling rate. The use of refiners is able to refine microstructure even in bulk materials and very useful to casting process. But this method has some problems in that most of refiners are scarce and expensive, and addition of refiners makes the recycling of used materials difficult. Therefore, the development of materials with high strength and simple composition is desired. In contrast, the application of vibrations is able to refine microstructure even in bulk materials without a refiner. Mechanical vibration, such as mechanical mold vibration 13, 14) or ultrasonic vibration, [15] [16] [17] [18] [19] and electromagnetic vibrations [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] are considered as an imposition method of vibrations. The application of mechanical vibrations such as ultrasonic ones enables not only refinement of the crystal grain, but also uniform dispersion of inclusion materials, degassing, improvement of metal feeding, etc. However, it has some problems such as the dissolution of a transmitter when it is applied at high temperatures and the attenuation of vibrations in regions remote from the vibrator. On the other hand, the electromagnetic vibrations are directly imposed on metallic melt by interaction of an electric field and a magnetic field. Thus, this method has the potential to resolve those problems.
When alternating current is passed through a molten metal perpendicular to the static magnetic field, the molten metal is alternately received by the Lorenz force and thus is vibrated directly at the same frequency as the alternating current. It is considered that the vibrations lead to the cavitation phenomenon, which is the bursting phenomenon of cavities generated by the vibrations, even in the metallic melt. When the cavities burst, enormous energy is released and considered to contribute for breakdown of solidifying crystals. Miwa named this cavitation phenomenon caused by the electromagnetic vibrations to micro-explosion phenomenon.
27) It was concluded that refinement mechanism by the electromagnetic vibrations was caused by collapse of dendrite arms by the micro-explosion and induced stirring. From this point, it is obvious that the electromagnetic vibrations have to be imposed in semi-solid state. The effective frequency range for structural refinement of metallic materials was almost below the frequency of 1 kHz. [24] [25] [26] [27] [28] [29] [30] [31] [32] On the other hand, it was also reported that apparent glass-forming ability was enhanced by imposition of the electromagnetic vibrations with frequency of 5 kHz.
33) It was presumed that disappearance or decrement of clusters due to imposition of the electromagnetic vibrations caused suppression of crystal nucleation. In this way, it is considered that simultaneous imposition of magnetic field and electric field has some advantages for production of materials. However, fundamental principle and theoretical conception are still indefinite.
The structural refinement by the electromagnetic vibrations does not need to add a refiner as mentioned above. So there is possibility of application for refinement of pure metal. Indeed, it was reported that grain refinement of pure magnesium 31) and pure copper 32) was attained by using this process. However, it was considered that solidification parameters are severe for structural refinement of pure metals since there is hardly semi-solid state in the case of solidification of pure metals. In this paper, the electro-magnetic vibration process was applied to the structural refinement of commercial pure aluminum (99.7 mass%) and important solidification parameter for grain refinement of pure metal was investigated. And the effect of the electromagnetic vibration on the solidified structure was investigated in terms of the vibration frequency.
Experiments
Commercially pure aluminum (99.7 mass%) melt was cast into a metallic mold and obtained a rod-like specimen with 6 mm in diameter. Specimen with 100 mm or 50 mm in length was taken from the cast rod. The specimen was inserted into an alumina tube (15 mm in outer diameter, 6 mm in inner diameter and 100 mm in length), as shown in Fig. 1(a) . In the case of the specimen of 50 mm, graphite electrodes (6 mm in diameter and 25 mm in length) were also inserted on both sides of the specimen, as shown in Fig. 1(b) . A thermocouple was inserted at the bottom of the specimen through a hole in the wall of alumina tube.
The experimental apparatus is placed on a superconducting magnet which is able to deliver a magnetic flux density of up to 10 Tesla (T) at the center of a bore in 150 mm diameter, as shown in Fig. 2 . The alumina tube included the specimen was set in the bore of the superconducting magnet and firmly fixed by two stainless steel cylinder. The electric heating furnace, which was removable upward on cooling process, was set as if it covered the outside of the alumina tube. Ar gas was flowed into the stainless cylinder for the protection from oxidation of the furnace.
Experiment of the electromagnetic vibrations was carried out as following procedures. After the magnetic flux density of the superconducting magnet reached 10 T, the specimen encapsulated in the alumina tube was heated up to about 1223 K and melted by about 50 mm in length. The electric heating furnace was removed above the specimen after holding for 120 s and just after the removing the alternating current with specific frequency of 150 Hz to 5 kHz and the intensity of 60 A was passed through the specimen. The magnetic field acts on the specimen toward the vertical direction, while alternative current passes along the specimen. As a result, alternative Lorenz force is generated by the simultaneous imposition of these two fields and the specimen is directly vibrated at the same frequency as the alternating current. Then, supply of the alternating current was stopped when the temperature cooled down to approximately 923 K. Microstructure of the solidified specimen was observed by an optical microscope and the diameter of crystal grains was measured by computer image analysis. At first, the solidified specimen was cut into two lengthwise. One was used for microscopy observation of the longitudinal cross-section and the other was cut into six pieces crosswise in interval of about 3 mm from the center to the end. For the optical microscopy observation, using the specimen etched by 4% fluorinated acid for the micro etching and aqua regia with 1% fluorinated used for macro etching. Figure 3 shows the cooling curve of the specimen with 50 mm in length shown in Fig. 1(b) . This curve was obtained under the condition that intensity of static magnetic field was 10 T and intensity and frequency of alternating current were 60 A and 150 Hz respectively. The exothermic heat due to growth of aluminum crystals was detected at around 913 K. Cooling rate before the exothermic reaction was about 3.5 K/s. In the case of the specimen of 50 mm, cooling rate is slightly slower than that of the specimen of 100 mm, because graphite electrodes generate joule heat. For this reason, longitudinal temperature gradient in the specimen was expected to become gradual for this exothermic heat. Figure 4 shows the microstructures of cross-section parallel to the alternating current. Both specimens were subjected to the static magnetic field of 10 T and the alternating current with the intensity of 60 A and the frequency of 200 Hz. These pictures show a zone with about 50 mm in length near the center of specimen, which correspond to melted zone. Outside of these pictures is unmelted aluminum for Fig. 4 (a) and graphite electrodes for Fig. 4(b) . Figure 4(a) shows the macro structure of the specimen of the 100 mm length, and Fig. 4(b) is that of the 50 mm length. In the case of the specimen of the 100 mm, columnar crystals grow about 20 mm toward the center from the both side, although the electromagnetic vibrations was imposed on the specimen from the beginning of cooling, as shown in Fig. 4(a) . And then small area at the center of specimen is refined. On the other hand, growth length of columnar crystals is shortened and then equiaxed crystals occupy an extensive area of the specimen of 50 mm, as shown in Fig. 4(b) .
Results and Discussions

Effect of temperature gradient on microstructure
In previous work on metallic alloys, 29, 30) it was concluded that structural refinement by the electromagnetic vibrations resulted from the collapse of dendrite arms which was caused mainly by microexplosion. In the case of solidification of pure metal, solid/liquid interface becomes not dendrite but planar easily. Therefore, it was supposed that columnar crystals in the specimen shown in Fig. 4 (a) were difficult to break down even by the microexplosion because of planar solid/liquid interface. Moreover, it was considered that if the crystals were broken down into small pieces by the microexplosion, the broken pieces remelted easily because pure metal has very few melting range. Generally, it is well known for alloy with certain degree of melting range that solidification morphology is affected by temperature gradient at the solid/liquid interface and growth velocity of solid Fig. 3 Cooling curve of specimen with 50 mm in length shown in Fig. 1(b) and timing curve of applied alternating current. (magnetic field: 10 T, intensity of electric current: 60 A, frequency of electric current: 150 Hz). phase. 34) According to this relationship, the solidification morphology varies from planar, to cellular, to dendritic and to equiaxed dendritic growth, with decrease of temperature gradient and/or increase of growth velocity. This effect might be weak for pure metal due to the narrow melting range. But it was supposed that the solid/liquid interface structures varied from planar to cells or dendrites at near central part in the specimen shown in Fig. 4(a) because of gradual temperature gradient. And, it is considered that the broken crystals are able to remain without remelting by the thermal condition close to the isotropic solidification. Besides, such thermal condition increases the nucleation site. Thus, the structural refinement by microexplosion is expected to become possible at near central part. For the specimen shown in Fig. 4(b) , it was supposed that longitudinal temperature gradient is gradual from the early stages of solidification by using graphite electrodes and structural refinement by the microexplosion is effective in wide region.
In order to verify this assumption, longitudinal temperature distribution in the specimen was measured. Four holes were bore on the alumina tube at 10 mm and 20 mm away from the center and the temperatures were measured by five thermocouples in total. Figure 5 (a) shows temperature distributions for the specimen of the 100 mm length, and Fig. 5(b) shows for that of the 50 mm length. Both experiments were carried out under magnetic field of 0 T by passing the alternating current with intensity of 60 A and frequency of 200 Hz. Temperature (T 50 ) shows temperature at the center of specimen, and each polygonal curve shows temperature distribution when the temperature of T 50 reached at different ones. At the temperature of 1223 K that was just after beginning of cooling, there is almost no difference in the temperature distribution between Fig. 5(a) and 5(b) , and the temperature gradient becomes steep with the distant from the center of specimen. But, cooling rate at the edge parts is affected by the difference of Joule heat between aluminum and carbon. In the case of the specimen of 50 mm length, the cooling rate at points of 20 mm from the center becomes appreciably slower because of Joule heat from the graphite electrodes. Consequently, the longitudinal temperature gradient is very gradual at the moment of T 50 ¼ 923 K, as shown in Fig. 5(b) . From these results, it is cleared that an extent of the area refined by the electromagnetic vibrations is significantly varied by the temperature gradient at growing interface. Therefore, it is concluded that controlling the temperature gradient is important for the refinement of pure metals by the electromagnetic vibrations.
Effect of vibration frequency on microstructure
Relationship between frequency of the electromagnetic vibration and structural refinement was investigated for the specimen with 50 mm in length, which was able to be refined in wide area as already mentioned. Figure 6 shows representative microstructures of cross-section perpendicular to the alternating current. The microstructure shown in Fig. 6(a) is one of nonvibrated specimen, and Figs. 6(b), (c), (d), (e) and (f) are those of vibrated specimens subjected to the static magnetic field of 10 T and the alternating current that intensity was 60 A and the frequencies were 150, 200, 500, 1 k and 5 kHz respectively. In the case of the nonvibrated specimen shown in Fig. 6(a) , it is perceivable that the crystal grains are very large, although dendritic structures are observed in spite of pure metal. For the specimen subjected to electromagnetic vibrations with frequency of 150 Hz, equiaxed structures are observed as shown in Fig. 6(b) instead of directionally elongated dendrites observed in Fig. 6(a) . When the vibration frequency was varied from 200 Hz to 500 Hz, the equiaxed structures become smaller and many fine and stand-alone crystals are observed with increase of frequency, as shown in Figs. 6(c) and (d). In the case of the specimen vibrated at 1 kHz and 5 kHz, the structural morphology becomes coarse dendrite cells again, as shown in Figs. 6(e) and (f).
On the basis of these images shown in Fig. 6 , their grain size was measured by computer image analysis. The average grain size of six cross-sections for each specimen was measured and the relationship between the grain size and the vibration frequency is shown in Fig. 7 . In this figure, the average grain size of each six cross-section is represented by open triangle and the total average grain size of them is represented by closed circle. In the case of nonvibrated specimen, the average grain sizes of each cross-section are scattering widely and the total average grain size is approximately 700 mm. On the other hand, the average grain size decreases gradually by the imposition of electromagnetic vibrations with low frequencies until 500 Hz, and scattering for each cross section diminishes. Especially, crystal grains are most refined at the frequency of 500 Hz and the average grain size is about 200 mm. When the vibration frequency became 1 kHz and 5 kHz, grain size becomes fairly close to one of the nonvibrated specimen. It was supposed that grain refinement by the electromagnetic vibrations is hardly effective at the frequencies over 1 kHz. This effect of vibration frequency on the grain size is similar in tendency to the previous results on several alloy systems [24] [25] [26] [27] [28] [29] [30] and pure metals, 31, 32) although the optimum frequency for refinement is different.
Conclusions
The grain refinement of commercially pure aluminum (99.7 mass.%) can be done by the imposition of the electromagnetic vibrations during solidification. In the frequency range from 150 Hz to 500 Hz, the effect of refinement by the electromagnetic vibrations becomes strong with the increase of frequency. The frequency near 500 Hz is most effective for the grain refinement of pure aluminum, and the crystal grains with about 700 mm in the nonvibrated specimen are refined to about 200 mm. In contrast, crystal grains are hardly refined at the frequencies more than 1 kHz and similar in grain size to nonvibrated specimen.
The longitudinal temperature gradient in the specimen significantly affect to grain refinement of pure aluminum. When the temperature gradient becomes gradual, refined area is remarkably extended. For the structural refinement of pure metals by the electromagnetic vibrations, controlling the temperature gradient is important.
